DNA methylation is implicated in neuronal injury response and regeneration, but its role in regulating stable transcription changes in different types of dorsal root ganglion (DRG) neurons is unclear. In this study, we simultaneously profiled both the DNA methylome and mRNA transcriptome from single DRG neurons at different ages under either control or 20 peripheral nerve injury condition. We found that age-related expression changes in Notch signaling genes and methylation changes at Notch receptor binding sites are associated with the age-dependent decline in peripheral nerve regeneration potential. Moreover, selective hypomethylation of AP-1 complex binding sites on regeneration-associated gene (RAG) promoters coincides with RAG transcriptional upregulation after injury. Consistent with the 25 findings that different subtypes of DRG neurons exhibit distinct methylome changes upon injury responses, in a hybrid CAST/Ei; C57BL/6 genetic background, we further observed allelespecific gene regulation and methylation changes for many RAGs after injury. We suggest that the genetic background determines distinct allele-specific DNA methylomes, which contribute to age-dependent regulation and neuronal subtype-specific injury-responses in different mouse 30 strains.
DNA methylation is implicated in neuronal injury response and regeneration, but its role in regulating stable transcription changes in different types of dorsal root ganglion (DRG) neurons is unclear. In this study, we simultaneously profiled both the DNA methylome and mRNA transcriptome from single DRG neurons at different ages under either control or 20 peripheral nerve injury condition. We found that age-related expression changes in Notch signaling genes and methylation changes at Notch receptor binding sites are associated with the age-dependent decline in peripheral nerve regeneration potential. Moreover, selective hypomethylation of AP-1 complex binding sites on regeneration-associated gene (RAG) promoters coincides with RAG transcriptional upregulation after injury. Consistent with the 25 findings that different subtypes of DRG neurons exhibit distinct methylome changes upon injury responses, in a hybrid CAST/Ei; C57BL/6 genetic background, we further observed allelespecific gene regulation and methylation changes for many RAGs after injury. We suggest that the genetic background determines distinct allele-specific DNA methylomes, which contribute to age-dependent regulation and neuronal subtype-specific injury-responses in different mouse 30 strains.
Introduction:
Nerve injury in the peripheral nerve system (PNS) induces sustained injury responses including chronic pain and the activation of regeneration-associated genes (RAGs), both of 35 which involve stable changes of gene expression (1) (2) (3) (4) . It is known that the regeneration potential of peripheral neurons declines with age as indicated by the reduction of RAG expression in aged animals. However, the molecular mechanism underlying the age-related injury responses is unclear. One of the major epigenetic regulators, DNA methylation, is associated with changes in transcriptional programs in response to intrinsic and extrinsic signals. Previous genomic studies examined the relationship between DNA methylation and transcriptional change in sensory neurons via transcriptome and methylome profiling in whole dorsal root ganglia (DRG) (5) (6) (7) (8) . However, these results are confounded by the contamination of non-neuronal cells as well as the 5 heterogeneity of subtypes of DRG neurons. Our recent study using single cell RNA-seq showed that different types of DRG neurons exhibit distinctive transcriptional response to injury (9). Therefore, in this study, we simultaneously profiled the transcriptome and DNA methylation dynamics caused by injury in single DRG neurons at different ages (10).
analysis of the DNA methylome and transcriptome from the same cell revealed a negative correlation between expression and methylation levels around TSS ( Fig. S2) (10, 11) . In addition, we separately profiled either transcriptome or DNA methylome pooled in approximately 20 DRG neurons per sample using RNA-seq (ultra-low input RNA-seq) and WGBS (ultra-low input WGBS), respectively. Sixteen RNA-seq samples passed quality 25 control with 13,261 genes detected on average, and none of them have high glial and astrocyte marker gene expression ( Fig. S3 ). Twenty-two WGBS samples passed quality control with 14 million CpG sites covered per sample on average ( Fig. S4A, S4B ). With these high-quality data of either single neuron or pooled 20-neuron samples, we performed detailed bioinformatic analysis of age-dependent changes of DNA methylomes and transcriptomes at both the genome-30 scale and allele-specific level (Table S1-S3).
Age-dependent changes in the DNA methylome are correlated with a reduction of transcription in Notch signaling in aged DRG neurons
To determine the age-dependent impact on the transcriptome following peripheral nerve 35 injury, we performed principle component analysis (PCA) analysis of 16 RNA-seq samples (Fig. 1A) . While control and injury samples are clearly separated into two clusters, samples within each cluster were also grouped by their age (Fig. 1A) . We then performed Weighted Gene Co-expression Network Analysis (WGCNA) in order to understand how aging influences gene expression related to regeneration at a systemic level (12, 13) . We identified 48 gene modules, 2 40 of which were comprised of genes specifically upregulated by injury (module-trait correlation r > 0.5) ( Fig. 1B, and Fig. S5 ). Of note, one module consisted of genes activated after injury, but their magnitude of activation was significantly attenuated in aged samples (Fig. 1C ). Gene ontology analysis showed that Notch signaling (P=3.88E-05) is enriched in this group of genes. In fact, many Notch signaling related genes including Notch1, Jag1, Hey2, Daam2, Sostdc1, Sfrp5 and Apoe were the intra-modular hubs for this gene module according to the WGCNA measurement of intra-modular gene connectivity (kME) and gene-module significance (GS) (kME > 0.8 and GS > 0.8) ( Fig. S6A ). Indeed, Notch signaling ligand, receptors and target 5 genes, such as Notch1, Notch2, Jag1, Hey2, Heyl and Hes1, were all upregulated in injured DRG neurons, and their activation magnitude was decreased in aged samples ( Fig. 1D and S6B ). These results indicated that Notch signaling activation by injury is attenuated during aging.
DNA methylation is involved in neuronal development, maturation and aging (14). However, the change of DNA methylation during the aging of PNS neurons has not yet been 10 well characterized. To study this, we first analyzed the WGBS data collected from intact neurons at different ages. Although global levels of both CpG and non-CpG methylation were similar in different age groups, we found differential DNA methylation on regulatory elements that may influence gene expression (15). Indeed, either hypermethylated (n=649) or hypomethylated (n=254) enhancers are associated with altered gene expression levels ( Fig. S7C -15 F). Gene ontology showed differentially methylated genes were enriched in intracellular signal transduction (P=3.63E-09), central nervous system development (P=4.66E-03) and neurogenesis (P=1.45E-02). Of note, the enhancer overlap with Notch2 gene is hypermethylated during aging. These results suggest a regulatory influence of DNA methylation on gene expression including Notch signaling during the aging of PNS neurons. 20 DNA methylation enzymes such as Tet3 and Dnmt1 showed age-dependent upregulation after injury ( Fig. S8B ). We therefore examined methylome changes upon nerve injury with age. To maximize the potential of data analysis, we first combined injured or intact samples from 1month and 1-year old mice into two pairs of meta-methylomes and identified all DMRs induced by nerve injury in each pair. We further measured the association between DMRs and the 25 binding sites of transcription factors (TFs) using Locus Overlap Analysis (LOLA) because TF binding can trigger DNA methylation change (16). We found that for both ages, hypermethylated DMRs significantly overlap with the binding sites of CTCF and components of cohesion complex; whereas the hypomethylated DMRs were enriched with binding sites of AP-1 complex components and TFs involve in injury response. Importantly, the binding sites of AP-1 30 complex components were enriched in hypomethylated DMRs with a higher ratio in young neurons than older ones. Of note, the binding sites of CTCF and cohesion complex components were overlapped with hypermethylated DMRs in a higher ratio in old mice than younger ones. In addition, LOLA results indicated that the Notch1 binding sites were robustly demethylated in young mice after injury, but remained methylated in aged mice, supporting the notion that DNA 35 methylation is involved in the attenuation of Notch signaling pathway in aged mice ( Fig. S10 ). Given that Notch signaling activation can promote peripheral nerve regeneration (17-20), these results collectively suggest a correlation between DNA methylation changes and the suppression of Notch signaling in the reduction of regeneration potential in aged PNS neurons.
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Coordinated regulation of transcription and DNA methylation of injury-response genes in sensory neurons
The clear separation between intact and injured RNA-seq samples in the hierarchical cluster suggests that the genetic program in sensory neurons is dramatically changed by injury ( Fig. S11 ). We next systematically investigate how injury alters the genetic network in DRG neurons (12, 13) . We identified two WGCNA modules that were comprised of genes specifically upregulated by injury. While one WGCNA module is composed of genes that exhibited agedependent changes, the other module contains genes that are robustly activated in all injured samples ( Fig. 2A, and Fig. S5 ). Analysis of gene ontology terms of this second module showed 5 that genes related to neuronal regeneration including neuron projection development, axon genesis and regulation of axon extension (Fig. 2B ). We identified 259 hub genes (kME > 0.8 and GS > 0.8) of this module, including many classic neural regeneration associated genes, such as Atf3, Jun, Dcn, Sema6a, Flrt3 etc. (21-26) (Fig. 2C) . These results suggested that this module represented the core regeneration-associated genetic network. Notably, among all hub genes, we 10 found that Sox9 had the highest centrality in this module ( Fig. 2D ) and is greatly induced in the injured DRG neurons (Fig. S12 ). Since Sox9 plays a critical role in neurogenesis and CNS regeneration (27, 28), our study suggests a possible role for Sox9 in injury response and regeneration of PNS neurons as well.
Multiple dimension reduction (MDR) and principle component analysis (PCA) of the 15 DNA methylome data clearly separated intact and injury samples ( Fig. 3A and S9C ). Using a similar strategy of combining data from all injured or intact samples into two meta-DNA methylomes, we first identified all the DMRs between them. These injury-caused DMRs were enriched in regulatory elements such as CpG islands, CpG island shores and promoters that influence gene expression ( Fig. S13 ). For example, we found that 4 TFs (Arnt2, Atf3, Bach1 and 20 Sox6) were activated and overlapped with hypomethylated regulatory elements, and two of them (Atf3 and Bach1) are known to play a role in nerve regeneration (21, 22, 29, 30) . Six TFs (Camk4, Runx1, Ldb2, Myt1, Foxo3 and Bcor) were repressed and overlapped with hypermethylated regulatory elements, and 3 of them (Camk4, Runx1 and Foxo3) involved in nerve injury response (31-33). Specifically, Myt1 is directly bound and activated by Ascl1 (34). 25 We found that the Ascl1 binding site on the Myt1 promoter is hypermethylated after injury, concomitant with Myt1 repression after injury ( Fig. 3B, Fig. 3C ). Overall, these results demonstrated that DNA methylation changes on regulatory elements are likely a key regulator of gene expression during injury responses of DRG neurons.
We then examined the correlation of TF binding sites with DMRs by LOLA. For the 30 hypermethylated DMRs, significant overlap was found with the binding sites of CTCF and components of cohesion complex ( Fig. 3D ). For the hypomethylated DMRs, highly significant overlap was found with binding sites of AP-1 complex components, as well as other TFs that involve nerve injury response ( Fig. 3E ) (35-40). It is known that AP-1 components are robustly induced in sensory neurons after injury, and indispensable for a successful axonal regeneration 35 (21-23, 30, 41). In our datasets, the transcription of AP-1 complex components, such as Fosl1, Fosl2, Atf3 and Jun, were greatly upregulated upon injury (Fig. 3F ), and their binding motifs were significantly enriched in promoters of genes in this RAG module ( Fig. 3G and S15). Together, these results suggest AP-1 as a common upstream regulator to activate the genes in the core regeneration-associated module after injury.
Different subtypes of DRG neurons exhibit distinctive DNA methylome response to injury
Nerve injury in the PNS induces distinctive transcriptional response in different subtypes of DRG neurons (9). However, it is unclear whether DNA methylation is responsible for this heterogeneity in different neuronal subtypes. In our dataset, we successfully classified 35 single DRG neurons profiled by scMT-seq into 3 major subtypes based on their transcriptome, namely nonpeptidergic nociceptors (NP) (n=6), peptidergic nociceptors (PEP) (n=19) and neurofilament containing sensory neurons (NF) (n=10) ( Fig. 4A ). Importantly, DNA methylomes in these single DRG neurons were also simultaneously profiled, allowing us to examine the role of 5 methylation in regulating gene expression at single-base resolution. While no significant change of global CpG methylation was found after injury in all three subtypes, non-CpG methylation is significantly increased after injury in the NF neurons ( Fig. S16A ) (Wilcoxon Rank Sum and Signed Rank Tests, p-value < 0.05).
To dissect the locus-specific CpG DNA methylation change, we then identified CpG 10 DMRs caused by injury in all three types of neurons separately. We identified 225 hyper and 128 hypo DMRs in NP neurons, 28 hyper and 39 hypo DMRs in PEP neurons, and 144 hyper and 85 hypo DMRs from PEP neurons ( Fig. 4B ). Only a few DMRs were differentially methylated in all three types of neurons, and most of DMRs showed different methylation level change in different neuron subtypes. These results suggest that different DRG neuron subtypes exhibit 15 distinctive DNA methylation response to injury. Notably, in NP neurons, for those genes in which their promoters exhibiting hypermethylation and down-regulated upon nerve injury, they were functionally enriched in neurogenesis, implicating their role in nerve regeneration (9). For instance, the Foxo3 promoter is specifically hypermethylated in NP neurons but not in other neuronal cell types ( Fig. 4C and Fig. 4E ), and Foxo3 is specifically repressed after injury only in 20 NP neurons ( Fig. 4D ). This suggest a causal relationship between cell-type specific methylation and transcriptional changes. Taken together, our results revealed that the distinctive DNA methylation patterns in subtype neurons contribute to different injury responses in different DRG neurons.
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Integrative analysis of allele-specific DNA methylation and gene expression suggests a methylation-mediated cis-regulatory mechanism underlying the enhanced regeneration potential of CAST/Ei mice
Previous studies showed that CAST/Ei mice exhibit an enhanced axonal regeneration ability compared to C57BL/6 mice due to strain-specific regulation of a subset of regeneration-30 associated genes (RAGs) (42). However, it is unclear whether the regulatory mechanism is trans or cis on the expression of these RAGs (42). In our F1 mice of C57BL/6 × CAST/Ei hybrid strain, we have an opportunity to determine the expression ratio between two alleles and deduce cis-or trans-regulatory effects upon injury. We found that many genes showed unbalanced allelic expression and coordinated unbalanced promoter allelic methylation. Specifically, under 35 intact condition, 668 genes showed higher expression from CAST/Ei allele, and 138 of them were hypomethylated on promoter at CAST/Ei allele. Similarly, 976 genes showed higher expression from C57BL/6 allele, and 231 of them were hypomethylated on promoter at C57BL/6 allele. From all 369 genes that showed unbalanced allelic expression and coordinated unbalanced promoter allelic methylation, 14 were known imprinted genes. The significant overlap (Fisher exact test, p-value < 0.05, after excluding imprinting genes and sexual chromosome associated genes) between unbalanced allelic expressed and methylated genes suggested that genetic background could shape local DNA methylation, which then influence nearby gene expression.
We then identified genes whose two alleles were regulated differentially after injury. We found 782 genes in which the CAST/Ei to C57BL/6 allele expression ratio was significantly increased, and vice versa, 410 genes in which CAST/Ei to C57BL/6 allele ratio was significantly decreased after injury (Fisher exact test, BH corrected p-value < 0.05, delta ratio change > 0.2) ( Fig. 5A ). All these two group genes contains 10% more strain-specific SNPs on their promoters, 5 and were significantly enriched in CAST/Ei strain-specific RAGs (Hypergeometric test, p-value = 0.0245) (42). For example, Inhba and Axl were the top 1 st and 3 rd CAST/Ei-specific RAGs that strongly correlated with DRG regeneration ability, and hyper-activation of Inhba in CAST/Ei mice DRGs after injury likely confers enhanced neuronal regeneration ability (42). Our data showed a significant upregulation of Inhba and Axl from CAST/Ei allele but not C57BL/6 allele. 10 Similarly, Galanin (Gal) can promote DRG neuron regeneration capacity after injury (43), and its activation level is much higher in CAST/Ei mice than in C57BL/6 ( Fig. 5B ). Allelic expression analysis showed that the CAST/Ei but not C57BL/6 allele of Gal is greatly induced after injury, resulting in a significant increase of CAST/Ei percentage of Gal after injury ( Fig.  5C ). Our results suggest that many differentially up-regulated CAST/Ei allelic RAGs are 15 mediated by cis-regulatory elements in CAST/Ei genes.
To determine whether local DNA methylation is one of the cis-regulatory mechanisms underlying allele-specific gene expression, we examined if methylation changes on two alleles are differentially regulated at the genome-scale upon nerve injury. Our analysis showed collectively 8,950 and 8,947 significant hyper and hypo methylated regions on C57BL/6 alleles, 20 and 7,572 and 8,407 hyper and hypo methylated regions on CAST/Ei alleles in all DRG neurons. Among genes showing methylation changes, many were previously identified as injuryresponsive genes. For example, repression of Oprd1 in injured DRG neurons by epigenetic mechanism is responsible for chronic pain development (44). Correlation analysis identified a methylation-eQTL (meth-eQTL) near Oprd1 transcription start site (TSS) in which DNA 25 methylation is inversely correlated with Oprd1 expression ( Fig. 5D -5G ). Allelic expression analysis showed that Oprd1 expression from C57BL/6 allele is significantly downregulated (Fig.  5H, Fig. S17A ) together with the meth-eQTL being hypermethylated on C57BL/6 allele, indicating a differential regulation of this meth-eQTL between two alleles ( Fig. 5I ). Htr1d gene encodes 5-HT5D receptor that relates to chronic pain development after injury (45). We found 30 that down-regulation of Htr1d expression from C57BL/6 allele and Htr1d promoter hypermethylation on C57BL/6 allele, and up-regulation of Htr1d expression from CAST/Ei allele and Htr1d promoter hypomethylation on CAST/Ei allele ( Fig. 5J, Fig. 5K, Fig. S17B ). Taken together, these results suggest that differential allelic methylation is one of the key cisregulatory mechanisms underlying differential allelic expression in DRG neurons after injury 35 (46).
Discussion:
Our study provides a comprehensive analysis of both transcriptome and methylation regulation in single DRG neurons upon injury. One of the key findings is the attenuation of 40 Notch signaling in aged mice that contributes to the age-dependent decline in injury responses and regeneration. We found that binding sites of Notch signaling receptor tends to be hypomethylated in young DRG neurons (1-month old) compared to mature neurons at the age of one-year old. We suggest that age-dependent DNA methylation change reduces injury response and regeneration potential in old PNS neurons by the suppression of the Notch signaling ( Fig.  S18 ).
Among the enzymes responsible for DNA methylation, we found that Dnmt1 is robustly upregulated after injury across multiple datasets, regardless of age and genetic background, suggesting a potential regulatory role for Dnmt1 in PNS neurons after injury (47). Recently, de 5 novo methylation activity for Dnmt1 was uncovered in Stella-mediated protection of oocytespecific methylation (48). Our previous study has demonstrated a synergistic activity for both Dnmt1 and Dnmt3a in regulation DNA methylation in CNS neurons (49). It would be of interests to determine whether both Dnmt1 and Dnmt3a also exert its de novo activity in regulating methylation in postmitotic neurons in peripheral neurons upon injury. 10 In this study, we observed regional hypermethylation at the genome-scale in an allelespecific manner in F1 C57BL/6; CAST/Ei mice after injury. Quite a few of hyper DMRs were significantly associated with binding sites of DNA methylation sensitive chromatin structure regulators CTCF, suggesting chromatin structure in DRG neurons are robustly remodeled during injury response. Significantly, we found that allele-specific methylation patterns can serve as a 15 cis-eQTL trait in gene regulation upon injury responses. Our finding underscores the importance of genetic background that determines allele-specific methylation in the control of regeneration potentials. Future studies shall address how genetic background, presumably dictated by speciesspecific DNA sequences, regulates both cell-type specific and allelic-specific DNA methylome in neuronal subtype upon nerve injury.
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Materials and Methods
Construction of DRG axotomy model and isolation DRG neurons Mice were kept in cages under 12h light-dark condition. In this study, we used a hybrid mouse strain by crossing C57BL/6 and CAST/Ei mice, which enabled us distinguishing reads from two different alleles. Mouse DRG axotomy models were constructed following our previous published protocol (1, 2) . Briefly, mice at each age group (1-month, 8-month and 1-year old, 3 mice for each age) were anesthetized by intraperitoneal injections using a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). For each mouse, the sciatic nerve at the right hind limb was exposed at the mid-thigh level and axotomized distally, and the left side was left intact as control. The wound was sutured in two layers, and the animals were allowed to recover for 14 days. The mice were sacrificed 14 days after the axotomy surgery and lumber DRGs (L4, L5) were dissected on ice, and dissociated into single cells according to previous published protocols (3) . Dissociated cells were temporarily kept on ice in DMEM medium containing 10% FBS before use.
RNA-seq and WGBS Single DRG neurons were picked under microscope using micro-capillary pipetting. Twenty neurons were pooled into 1 -sample. For RNA-seq, libraries were constructed following standard SMART-seq2 protocol. Briefly, cDNA was reverse-transcribed using Superscript III and amplified by PCR with 18 cycles. cDNA was first diluted to 0.1ng/uL, and 1uL of diluted cDNA was input for tagmentation and library amplification with 12 PCR cycles, according to standard SMART-seq2 procedure. WGBS libraries were constructed following previous published single cell WGBS protocol with minor modification (4) . Briefly, BS conversion is firstly carried out directly on the cell lysate, and single stranded DNA after BS conversion was preamplified with random primers for 5 times. After purification, another round of PCR for 12 cycles based on random priming was performed. Library quality was assessed using Tapestation assay and PAGE gel electrophoresis. The libraries were sequenced on a Hiseq 4000 machine in pair-end, 150bp mode. For 20-cell RNA-seq and 20-cell WGBS libraries, 20 cells were pooled into one tube and treated as one sample in the following library construction steps.
Method of single cell methylome and transcriptome sequencing (scMT-seq)
scMT-seq consists of three steps: isolation of nucleus and cytoplasma, then single cell RNA-seq using cytoplasma, and single cell whole genome bisulfate sequencing using the nucleus. Briefly, cell membrane-specific lysis buffer was used to lyse cell membrane (2) . Cell nucleus was manually picked out and put into nucleus lysis buffer. The remaining cell plasma were used for transcriptomic profiling by SMART-seq2 as described previously. For the single cell whole genome bisulfate sequencing, the library was constructed by performing the single cell whole genome bisulfate sequencing protocol on the isolated nucleus (4) as described previously. Both RNA-seq and WGBS libraries were sequenced on a Hiseq 4000 machine in pair-end, 150bp mode.
RNA-seq data analysis
RNA-seq reads were first trimmed using TrimGalore with default parameters to remove adapter sequence and low-quality bases. Trimmed reads were then aligned to SNP-masked mouse reference genome mm10 using STAR aligner. Only reads that uniquely mapped to mm10 were retained and read count on each gene in each sample was computed using featureCounts. SNP-masked genome was generated by masking C57BL/6 and CAST/Ei strain-specific SNPs as "N" in mm10 genome using SNPSplit, to avoid potential mapping bias. Libraries with low number of uniquely mapped reads (less than 2 million reads), or libraries with low median FPKM values were excluded. Differentially expressed gene analysis was performed using SCDE. For WGCNA analysis, genes with low expression analysis (average FPKM < 1) were excluded in the subsequent analysis. WGCNA was performed on normalized gene expression level RPM (read count per million). The WGCNA co-expression network was visualized using VisAnt and inhouse R scripts. Gene ontology analysis was performed using online tool: http://www.geneontology.org . The promoter transcriptional factor binding motif enrichment analysis was performed using HOMER.
Whole genome bisulfate sequencing data analysis Whole genome bisulfate sequencing reads were first trimmed using TrimGalore to remove adapter and low-quality bases. The trimmed reads were then aligned to SNP-masked mm10 and CpG and non-CpG methylation signal was extracted using Bismark. Aligning reads to the masked genome can eliminate mapping bias and false-positive methylation result from C/G SNPs. Differentially methylated regions analysis was performed using R package methylkit. Locus overlap analysis was performed using R package LOLA with mm10 reference dataset.
Correlation analysis of DNA methylation and gene expression with scMT-seq dataset
The scMT-seq correlation analysis was performed between the expression value of a given gene A and the methylation levels among a region B. In this study, we chose gene A coding region plus the 100kbp flanking regions on both ends as B. The expression values of gene A among n cells can be represented as a column vector AExp containing n elements. We then tile the region B into 3kbp-long, non-overlapping bins, and determined the methylation level for each bin following a Bayesian distribution with a beta distribution prior, as described before (4) . By doing this procedure for each cell, we will construct a methylation value matrix BMeth with m columns (each column representing one bin in region B), and n rows (each row representing one sample). Spearman correlations between AExp and each column in matrix BMeth were computed. The bin whose methylation level was highly correlated with gene expression level was likely to be the cis methylation regulatory elements (cis-MREs) of gene A. The scMTseq correlation analysis was implemented as customized R scripts.
Allelic expression and methylation analysis
To quantify allelic expression ratio for each gene, the aligned RNA-seq reads were first assigned to C57BL/6J or CAST/Ei allele by the strain-specific SNPs they contained using SNPsplit. The strain-specific SNP lists were downloaded from the Mouse Genomes Project (https://www.sanger.ac.uk/science/data/mouse-genomes-project). After splitting the aligned RNA-seq reads, featureCounts was used to count strain-specific reads and the expression ratio between C57BL/6J and CAST/Ei allele was determined as the ratio between C57BL/6J and CAST/Ei specific read number. To determine the allelic methylation level, the aligned WGBS reads were split using SNPsplit in BS-seq mode. Bismark was run on the split BAM files to extract the methylation signal for each allele. , and spearman correlation between CpG methylation level and gene expression (left panel: correlation) in the same cell. We segmented genes from 5' to 3' into tiles (the gene structure is shown on the x-axis), and calculated their individual DNA methylation level and spearman correlation between their DNA methylation level and gene expression in the same segment. We found a hypomethylation valley around the TSS regions, and moderate hypermethylation on gene bodies. The correlation analysis revealed a negative correlation between promoter DNA methylation level and gene expression. (5) ) and RNA-seq and scRNA-seq samples generated in this study. A: We found that our DRG neuron RNA-seq samples that passed quality control have minimal expression of non-neuronal marker genes. B: Our DRG neurons RNA-seq samples also exhibit high expression of neuronal marker genes. These results suggest minimal contamination of non-neuronal cells in our DRG neuron samples. Notch signaling genes enriched in hub genes of RAG-module, and are upregulated by injury. A: The hub genes within the age-dependent module. Each node represents a gene, and the edge between two genes represents that these two genes are co-expressed. The genes related to the Notch signaling pathway are highlighted by red circles. B: Expression of Notch signaling components in DRG neurons of pure C57BL/6 and CAST/Ei mice, using data from Lisi, Veronique, et al (7) . Notch signaling pathway components were upregulated by injury in DRG neurons. 
